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Since A. G. Stoletov's classical investigations [J_._z the problem of es-
tablishing the laws governing the behavior of the curve of magnetic permeabil-

ity has occupied many researchers. .

The initial portion of Stoletov's curve is expressed, as is known, by
Rayleigh's formulas:

K = a == bHy, Im=anm~‘—=1mﬁ,‘ (1)

where K 1s susceptibility; Hj magnetic field strength; Ip intensity of ma.gne4
tization; and a and b are parameters depending on temperature and the material's
internal elastic strains and past treatment.

~L&v.ter, the thedry of magnetization curves of monocrystals and polycrystals
[E, Chap III] showed that for strong fields Stoletov's curve for nondeformed

polycrystals could be described by the following law of approximation to satur-
ation /2, Chap IV/: :

aI B

| KT R - (2)
Present-day representations of megnetic permeation in longitudinal and
transverse inversion, as well as rotationm, show that Stoletov's curve in the
first -approximation should not contain singular points, when the first deriva- .o
tive can suffer a discontinuity. R ;
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The fact that such points are possible in individual cases is in-
dicated, for example, by the analysis of the behavibr of magneti-
zation curves for monocrystals with pesitive anisotropyiduring:c:
masnetizat’ion parallel to the diagonal of & cube,: the sotcalled e
"Gerlach's peaks."” T :

.. Consequently;, relations (1) and (2) can be generalized on the basis
; .L_..g.t_‘,,;-;t,kgqﬂaylor-l.aurent' formulas, to give:

%=KP_*-%T*_ %a_f— (ﬁ:‘l—i— (3)
Ty — 8By -} DHS - B} .- (1)

The coefficients of . series ~(3) can be found from the theory of Akulov and
Braun; the theoretical basis for the first two coefficients of series (%), Ray-
leigh's formula, is given by Preisach’'s theory [ 3 /, further refined and devel-
oped by Ye. I. Kondorskiy [X 4 7 and T. A. Yelkina 7 5 /.

As for the ascending and descending branches of the hysteresis loop, the
following empirical formulas were obtained for weak fields by Rayleigh:

1t 1, —a(Eg— H) — b (B — H)?,
2

° (5)
I=— I,—a(Hy— H) 4+ b (B, — H)S,
2

where I is the descending branch, I~ the ascending branch, Iy and Hy the maxi-
mum coordinates of the loop, and I and H the variable coordinates of points mov-
ing on the descending and ascending branches, respectively.

Expanding the formulas into a Taylor's series in the difference (B — H),
we obtain the foliowing more general expressions for the descending and ascend-
ing branches:

TE X gy (Bn— H)— gy (Bp— )P 3 (Bp— H)3— ... (6)
=g p1 (n—H—g2 (an—n)e—@3 (B —H)3— ... (7

We can establish relations among the coefficients by taking into account
the fact that each point on the ascending branch corresponds to a point, sym-
metricel with respect to loop center, on the descending branch. This may be
mathematically expressed by the condition that if we simulteneously change
the sign of both It end (Hp— H) we obtain It

I &, — o (By — H) — g (B— BF— (5, —803—... (8)
g, — 0% (B — B) - @ (HBy— B) — (8, — )3+ ... (9)

It now remains for us to establish a connection between &, b, ¢, ... on |
the one hand and £, @ s ¥, ... on the other. Setting H=Hy in (8) we obtain:

o(v= Im .
Setting H—= — ¥ we find;
Iy = —G(E,— 2PEE — ¥VE] — ... (10)
-3 - ,
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Comparing (10) and (4) term-wise, we obtain:

A = a, @ J— _’g, f)/___ 'E, etc.

Consequently, if the magnetlzation curve is given by the equation

I, = 8By~ bHa — cH ...,

then the descending and ascending branches of the hysteresis loop are ex-
pressed by the equations:
Ite=1,—a (i —H) —D (Hm—‘H)e—_E (4p —E)3—
2 (11)
Im=1, —a (,— B +2 (Hm_H)e——.E (By —E)3+...
2

In the following we will consider the first three expansion terms, which
will enable us to describe the form of the hysteresis loop in a considerably
wider region than Rayleigh's. .

tHy
Calculating the integral S (I*— 1~ )-dH on the basis of (11), we
._Hm

find the hysteresis loss per cycle of magnetic reversil:
Q= boE3 | 208} (12)
3
Setting H== 0 in expression, we find the residual megnetism:

=3 5 B - (23)

Through comparison of formulas (12) aend (13) we find an extremely simple and

important relation that links hysteresis loss with residual magnetism:

o =51, (14)

NOTE: It is particularly important to note that thiﬁ relation is correct
forithe calculation of not only the Rayleigh’ terms; but also.the
1., pext term of the expansion, namely the third. If, however, we con-
sider the following terms of the approximation, then this relation
becomes violated.

To experimentally verify the relations derived, ve emplbyed Fe-Co specimens.

Measurements were carried out on the Akulov-Bozort statistical magnetometer.

Figure 1 gives the theoretical I-H curve of magnetic intensity as calcu-

lated by formula (%) (a equals 8.7, b equals 1.33, c equals 0.3). Experimental

data is represented by the points. 1In the figure, the Rayleigh curve as calcu-
lated by formulae.(l) is represented by the broken line. We see that the cal-
culation of the third term makes it possible to encompass the significant part

of the Stoletov region (the interval between the Rayleigh region and maximum per-

meability). ) ,

The same graph glves the curves of the ascending and descending branches of

the hysteresis loop, as found by formula (11) and our measurements. If we take
into account the fact that the whole family of curves involves only the three
empirical parameters a, b, ¢, then ye must recognize how extremely important it
is to calculate the term supplementing Rayleigh's formulas.
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Figure 2 gives the hysteresis loss as found from formula (14) end our ex-
perimental data on the Fé€-Co sample. The graph shows that calculation of the-
third term of the approximation makes it possible to encompass & region con-'
siderably wider than Rayleigh's. :

Figure 3 compares the curve computed by formula (13) with our experimental
dnta on residual magnetism, Analysis of this curve shows again how important
it is to include the calculation of the»next (third) term of the approximation.

In the literature, the opinion is sometimes expressed that Rayleigh's
fPormulas are explicit, that they do not appear as the first two terms of a
series expansion. Our investigations here obviously refute this opinion. In
other words, no singular point which separates Rayleigh's region from later por-
tions of Stoletov's curve exists in the case we studied.

It is important to note that formula (14) for hysteresis loss is accurate
not only for the case where original magnetism is absent, but also for polar-
ized magnetic materials; that is, when a ferromagnet is located in a pulsating
magnetic field (in this case I, is understood to be the residual magnetization
of & partial cycle). The correctrness of this follows from the fact that to ob-
tain the specified relation, we hed to calculate the swmmetry of upper and lower
hysteresis branches relative to loop center. For not too great amplitudes this
symmetry definitely holds true. Figure 4 gives the curves describing hysteresis
loss Q as & function of the meximum emplitude Hpy of magnetic field strength for
various submagnetic fields.

From our relations (11) end {(4) follows the well-kmown formula:
1 —of @ —E
I=1,— 2f %)

where f(H,) is the magnetization curve. This relation was obtained earlier by
Ye. I. Kondorskiy (k) on the basis of a refinement of Preisach's model.
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